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ABSTRACT 

A single pressure versus porosity ccr.or.tion Todel is seve red to raicylate t:.? respect of. 
jr inular porous :e<! • -^teria 1 s to shock impact. The .Tiodel proviaes a senate for calculating 
creact ion ^ - ^ v i c -.ten relat ively limited material data is available. «hi 1 e the .lo^el *as 
;=ve'-oea to study parous explosives and propellants, i t has been applied to a IUC/I wic3r ringe of 
material:. 

The parly cevelc:n?nt of porous material models, such as tn i t of Hermann,- r^cjirec ^-o i r ica l 
c/ncmic compaction cata. if^man and cowards? successfully applied the e i r ly tr.eory to v-nr^ae'ed 
pcrcuS nigh explosives using a Srijneisen equation of State without yield behavior end witrout 
trsppea ges m the pores. Butcher^ included viscoelastic rate c'eoe^Cance in pore collapse. The 
tr.eoretical treatment of Carrol 1 end Holt^S j s centered on the collapse of a circular ocre and 
includes raaial .nertia teri^s and a complex set of stress, strain and strain r;te i n s t i t u t i v e 
perftneters. unfortunately Gata requirea for these par^eters are genera 1 ly not svailaole. 

Tie .Tiodel described here is also centered on the collicse of a circular pxre, ?ut ut i l izes a 
i".r,Di?r plast : -plast ic "static equilibrium" pore collaose i7iecr,5nis;n without strain rate 
{.^'-nc'ance, or - ja ia l inertia terns. It does include tracped c^s inside the core, a solid material 
few stress trial creates jsth a yield point end a variation in solid material pressure * i t n radius. 
Tre solid is Cescr'.L'e'i oy a '^e-Gruneisen type EOS. Caparisons show t** t this nocel w i l l 
•^ccj^ateiy est'Tdt^ ."id.;or mechanical features which h v̂e jesn ooserveo in compaction experiments. 

DESCRIPTION OF THE CALCULATION MODEL 

"«r race: 'cr f e D:TOJS - i t e r i a l is similar to previous noflels, a rouare arr^y of eaa l sizec 
so.^rical sores :n a •Tiatr'x of isotropic solid ?ater ial , Mcjrs 1. '-'acroscopic concession is 
res' i iec oy f i ; gas pressure inside eacr; pore, (';) a spnerical J :ow stress r i e ' d c r t e ' ec ioout 
ra t i ;cre, ana f j ) DU 1 fc f3iro'?ssion of the T.at • . material wnicn incluces t ie i-e•—id": jr=ss„re. 
- e ^ j ' . ^ C ir;3IJ: cata i -e s imply tne ' i n t i c l o o r s s i ' y , i t a l n x T-ater ia i srodt r -con^c t constants and 
;"*? 3r-jreisen oarameter value'at f u l l oensity, a u t r n material yield stress, wo i n i t i a l va'ies 
"or jgrp cas pressure and tenperaturg. The ratio tet/jean i n i t i a l poroi i ^=ns*ty ;nc the solid 
"."sceticai maximum density (THD) <3 referred to as tne "density ra t ic " . Trie "porcsity" is tnen 
ccfineu as tne recisrocal of this oensity rat io . 

Tne mouel is incorporated in a comouter program wnicn can produce a taole of pressure versus 
cei l jgforTation, and a l l deformation associated pararneeers suCh as porosity, comaression, inisrna) 
energy, gas conditions, etc. Tne program then reaos trie tacle, applies tne conservation laws for 
na^s ana Tiomentum ana iterates to calculate the solution for the shock front conciticns wrr.cn gives 
>aiues ""or part icle velocity, shock front velocity, and pressure whicn of course can oe conferee to 
e'^enmental oata. 

Tne elastic Pulk modulus in.general is a function of porosity and requires sô ie special 
treatment. Kooker and Anderson0 (KA) matched the acoustic data of Elban' on granular Teflon 
7c, using an exponential function of porosity original ly Drooounded for ceramics.^ 'fc'e u s e this 
<A function in the Bulk modulus def in i t ion. Where the pressure is less t,han the y i e k ooint 
;i-essjre, tre calculated acoustic ouH ve'ocity in porous Tiaterial can :e sec close to t*iat in 
naterial at tr.eoretical maximum density (TMDJ, or '.ess ;epencing jpon tr.e function. 7ne 'jpiid 
•nat^r'al oulk rnooulus is oefined as the isentrcoic Sulk -odulus, a value t!-at s e s f " = t s : •>", t-s 
reiationsfno of tr,e Hugoniot pressure to the compassion, Tie ?ya:u-ation of t ie 'se^^ooic -cculus 
< = - v f i i l s can oe obtained from the "Hugoniot modulus" <H = -V(^£.\H i f t.i? Gmieisen 
par.-xel^' is <nown. (The equations are given in the appendix.) 1 J 

"work perfantes jnder ti-,e aysoices of the U.S, "epart-ent of •'ieroy oy t*ie L^rtncs we^ore 
'•ct^r.al Li-'Catory jncer contract to. rt-7fl0£-c:'5-i3. 

UNCLASSIFIED 

|rr 

http://wrr.cn


UNCLASSIFIED 

«'e neve ictoted the sbulest (Von Mists) flow stress criteria, for tne results illustrated 
nere, it is as'-nec U a i Tutrix material plastic-flow stress (operating .nicroscopically ioout each 
pore) is equal *-o the yield stress. Appropriate flew stress values have Peen opta'r.ed, for 
e<a.-io<e, fro.-i h'en strain 'ate rioo<inson par experiments. Alternatively, wnere snoci< ^-uconiot 
yield 'ata exist, a-, appropriate f l o stress can be oos e n to calculate a good fit to trie 
aiperi-sntal tata. 

i-re'Sjre and i.--;or;ture rise in the Hare cas is estimated ''om an iceai gas law. ~"€ pas 
expression cprstant, ";, can je set for anv assumed process penavior ranging frpm isothe^al, 
< = 1, to isentrppic, '<(sj J C p / C v . The results illustrated re-e assjme air k( s- = 1.4. 

AllALfSl'j 

in tns f p l l c i n g , Superscript '"•" refers to the porous state and subscript "0" refers to -he 
i n i t i a l state. Tne suoscript " 1 " identif ies isot.her--.al c.-nocnerits and trie sucsenpt "J" 'centif ies 
:'.e:~al LPinoG'.ents. :'0 Superscript indicates values for trie ~atrix material. 'r,e porous r.aterial 
pr-ssure, f*, is cescrioeo Py a Mie-urjneisen eqjat'on of state (EOS). '; 

P* = Ji(K*,a,d,ti,n) * i ; i G * , / , E * ) (1) 

Tre i.ptr.e—al pre.Sure, >], is calculatec as a function of tp-pscting cell pi-ens'CS, a ;no p, 
;i.l< -piiu'us, 1'.*, "ctr ix -nate'ia! Strength, K, =no -.ceil gas flow pore gas prpcess '. '" 'Start, <. 
7-e ".renal pressure, ) j i '5 calculated as a function of correction cel l -eo-etry, ocrous 
-lateriai Uer-.a; er-'gy £*, and Gruneisen p-araneter, G*. 

The unit cel l is a cuDe of matrix material with a centrally located spherical pore co".i :r ' .r.g 
pee cas. 
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rprosity, q, tr.e ratio oeUeen total cell /oiume anc tie matrix volume, is computed f'on the cell 
P'-iensioo, a. tie -atrix tensity, 3, anc initial val.es in oprous cell censity. -J, arc sioe 

\3 0 , 3 (2) 

-•a pore pi^.-.eter, d, is cpmoutea t>*m the cell cir-.ension ana '.no porosity, 

c = 4 | 6/» -Cr--)]' 
"srsuS -atrial density, j", CDQpre^sion, u*, and relative volume V* ar$ C&fingd. 

0 * 0 ( 3 

* * ; * 1 

(41 

(5) 

(5 ] 

r.ul< PGU.uS 

e porous .- l i ter- l l :ulk .loooius, <*, is assumec to pe 3 function of trie porosity. Konicer 
iated porous in i t -r ial acoustic velocity to w r i x acoustic velocity 
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Fne » . ' M 7.nent) JU'I* TOOUIUS is cefired consistently witn equations (7) i^a !«). 

in 

(3) 

me aatnx -a tenal >jlk modulus, <, increases wi'h pressure, J ] , is' derived in equation (9) 
tJirsugn ( H ) . < is c:-;uted as an "-sentropic" modulus. First , a " u "aor io t " noduluS, < H , is 
est mated at a nucomot point. I t is aefined as the cerivative of the Wugcniot iressur?, with 
c:-uression. 

K - "_L !5) 
H cu I H 

"--.en wit.-, pressure cwen Cy, 

i] -. = C

-Jiv and, 

J] = c * ! |v 

and :.ne main* -.dterial ccricr-ssion given oy, 

y = o/og - 1 

algeoraic conbination of equations (9) to (12) y ie ld, 

< . -"- Ic * ?s,v)[c - is , - ",<if 
n. c 1 1 

(101 

(ID 

(12) 

I'-') 

237 

':,e i'.:Mrooic bulk "ipdulus "an be DbUined from the .-u^omot ">ulk -.^Culus i f '.".e C-nreisen 
parameter :s tncwri; ' ee ajpenaix. 

Trie -esuit is K = < H | 1 - T 

"1 
( 1 « ) 

f i na l l y , trie porous -nate'ial isentropic bul< •"oduius, <,', is obta'nec fr:-T ••c. = t: :ns .'3| -mc ( U 

Elastic 'efumation 

;:v.tia':iy, a l l e n a c t i o n cel l defcrnafon is LU*. k elastic c-efc-r-at iun. ""e ' - • ' t re ' ' "^ 
pressure is cotained Dy carrying out (stepwise) a pat.n integral over t ie r.s'ii . i -e-siu", a. 

3 | < * ! a , n 
a 

7ne path is unique m tne elastic r?qr-e arc could in principal be :e rivcO in closed form, in 
tnis rpcion, porosity anc OGre dia-rneter are controlled S/ equations (2), (J), and (15). 

in tne plastic regime tne path is not unique and must be carried out by iterative metnods. 

. volumetric average yield stress, a(*.Hy). equation (iaj, is calculate? as tne sum of tne 
pore ges pressure and a matrix pressure tnat cepenqs on ;ne cell a w n s 10,15 aic in- matrix uniaxial 
yieio stress, H - Hy. "he yield stress terms in equation (16) will be cenveo in equations (20) 
tr.ro-jgn [ 2 1 ) . Snail d, is pore diameter. For -.ne cubic cell, volume a3, 

. ^ • W - » k - S ) 3 f i S , K - i ) - J l * f - ^ : - J 
c e i l 

( : = ) 
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The gas c3";re<:ion orocess constant, V, can be any value eaual to or larger tnan 1.0, wnicn 
corressar."; to an ioeal isothermal process. 

«nen i] e»c»ecs tne yield stress 'rem equation (16), tne cell is assuneo to flew oiastically 
as well, in m i s re:;-e, flow stress is calculated fron sanation (16) using a matrix flow stress, 
ri = nf, thus, 

t) -- 9(K, tip) (1?) 
we assu.ne that -atnx flow ttress equals matn* yield stress, i.e., HF = Hy. 0inner.siona 1 
charges in >. arc d are computed incrementally as tne Sun of aotn :ulk elastic ceformation ana 
constant voiutie flow deformation. 

aa . A ««, » ; ( j ) id 113) 

Porosity ana sore diameter nM are c:*trol led by equations (2), (3), and (13). 

ri:-:acteo ti'astic >forT,ation 

junng plastic flow, incremental elastic test pressures are evaluated. 

N-l 

."en tms elastic calculation results in a lower pressure than the flow calculation f'pm eouation 
!l7) for the sane value of a, '.hen the compaction process ceases to flew plast ical ly , "".era-after 
tne 'sothf-r.al ; r - ' . s re 15 given oy 

! ) ; = , - i f r Ls (20) 

elastic 

rtnere \ 'S f'.e pressure *nere olastic flow ends. Tnis cr ' tenon tikes account of tne fact tnat a 
none can, in pr 'nc.pal, Pe closed in a ojrely elastic fasnion. 

in this "lccr.ed up" elastic system, porosity and pore diameter are controlled Oy ^euat 'cs (2), 
(3), a.no |?0). 

••ec-ancal ^ress^re 

"re yieia ; f l o * j stress te rns of ecuation (161 are pasen ..pen isotropic oo^e clcs'ng flow, at 
constant volume, :n a spner'cal systen with an origin at tne center ,1'" tne ocre. Tne t t rs tan : 
'O'u'ie condition :s etPr^sseo oy, 

„ - !?') 
0 0 

"r" 15 a rapius cr»atc' than tne oore racius, d/2. Put less than tne co-caccon cell tourcarv of 
r = a/2, "ne ecuiliorium equation fcr a sonerical element at, r, see -ig. 2, is 

[p -||i orj -pi r!^2 . JHrcsor^ .- 0. 

„nen moher order differentials are droooed, tne resultant pressure gradient eouation is, 
Q , 2- 122) 
sr r 

For pore gas nressure, &", ana assuming that flow stress, H, does not vary * i c radius, the 
-aoiai or*ssure at any radius less than r . a/2. Put "larger than r = d/2 is , 

P(r) - 0' * 2h I n * , p ^ . 2H I n i (23) 

ri iiean volumetric pressure, s(r} is defined when equation (23) is integrated over tne 'egion 
C'.rCumsCrlued Oy radluS r, 

, , 1 3 .., / 2, 2r 1 3 
«(r) = p t • oH / r In—r sr ; p r 'oH X2 r , ^ a v 
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After ferfpriinig tne integration to radius r = i l l , the result for the sphere, 
J 

t:.il2) - p 
j 3 (i l M (24) 

;c,uat;on (24) yields a volumetric w i n pressure in the sphere of diameter, a, within the 
compaction cell cuoe with side leigth, a. 'when the four corners of tne superscribed caoe are 
included at -aximun pressure, the volumetric average expressed oy equation (16) is tne result. 

Fioure 2. 

al 

7-.-r-al ^••"'s-jre, i2, is superposed after the isitnema! press-re, i], has : ~ r i ,e'-e-r,ined 
as i f j i c t c n c; compaction geometry. The porcus material Grureise" sarameter, J * , is assunec to 
„e - : . a l '.o t;e -str ix parameter, G. The matrix parameter is reduced from the i n i t i a l value using 
a *ensit* rat io . 

.-en „ < ; 0 
. G 0 

(«) 

-a l p'^spure is given by 

! . . - ? • G (1 * u ) E 
i * d (26) 

1 e'.er:y, E , is as rumed to oe the change in Hugoniot internal energy in tre porous 
inus tie increase in the matrix isothermal energy. 

0-P* 
(1 /l P' - J 0. dQ 

Tne total pressure, P*, is the ;um of isothe"nal pressure, i ] , on0 thermal pressure, ii* 

i u i q l e _teP I"0Cx Huooniot 

A ccnpu.er program creates a Laole of pressure versus cel l ceformation, and al l ceformatian 
associated parameters such as porosity, compression, internal energy, gas conditions, etc. I t tnen 
reacs the taDle, applies tre conservation laas for xass and mc.-ent-m and i teraes to calculate tne 
io i j f .or . for snocx Hugoniot compaction front velocity anc pressure rise for a s.eacy "single step" 
-eve traveling tnrougn a uriforr. porous material. A l ' quantities are tr.er. oiot'.ed icainst particle 
tt'X-Vj i"d comcaree to errpirical cata for compaction front velocity and pressure r ise. 

a. SUIT;, 

Equations of state for two different i n i t i a l densities of porous pressed TNT' are i l lustrated 
n Fi js . p anc 1. The '.'pper curve represents the total snocx Hugo.niot pressure. The oottcm curve 
'S tnp ispf.er-,"] -.p-rpenent. The as/stoctic Curve on t-.e lef t is the isotnen-ai ;ressure for the 
so l i : - a t r u -a te r i a l . TV,e relative volume is l.D 'or t-e i n i t i a l poreus TS-.tnal. jvloading 
-,r-cvior e n oe Tiocelleo in various ways. A simple «&y "hat worxs *e l i for Tiost ercir.eering 
pu'poses is i l lustrated in Figs. 6 and 1. Unloading occurs at : c.nstant pulk nodulus at a level 
that corresponds to the yield pressure and oorosity when unloading Peqins. 
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lugp-iot tpntacvon cat'. er.sts for a aide range of -specials. Figure 5 illustrates calculated 

versus exoerio-rtal co^faction velocity as a function of particle velocity for TNT. Figure 3 
illustrates tne cp.-paCtion front pressure. 

Variation in m e value of the constant in the K* function (C in e-uation 3) cna-ges tne 
calculated constitutive cehavicr. This is illustrated for boron nitride'- for C - 0., -id. 9, 
C •> 2.2, Fig. 10, and C - 6.0, fig. 11. «hen C - 0 "he material benaves as a rigid structural 
;i£m. rthen C « 2.2 the behavior will approximate the theroetical results of Carroll and Holt.11 

•nen C > 5.0 the -aerial behaves in a very compliant fashion as in the experimental array of 
teflon Sails. Figures 12, 13, and 14 snow omoaction front pressure versus particle velocity . 
corresponding to tne to.-st'tative benavior illustrated on Figs. 9, '0, and 11. 

DISCUSSION 

••.e nave usee a relatively si~ple material r.coel to ;ptain a description of porpys s-ustarces 
.''-er cc-ipress'.e fading-. «e plar in the future to apply tr/s ?cdel to ;.-,= srcc< initiation of 
cc-.aged eolosi-*' end to, deflagaticn to detonation p-e'enenon. 

As a practical ratter ~.ost real materials are neither perfect segregate "Or pe-fect st-uctural 
supstances. Also, there is ratr.er scant in-prration cr. visco-plastic behavior of rateria1., 
particularly pr r-olosive -ateriais. 

Fjrt-er, <npc< Iccrmg data in In- regicn rear yield is very scarce for ail .-;tarials. A 
careful '.reaUoit of these two prcc-lens *ith special attention to the ran-- ^: -e-siti\ity cf tie 
results to the ass.i-ptions spou'.d be carried Put before nore sophisticated -aterial be-avior 'S 
inccrppr'ted in "ip-paction" models such as tne or-" "6 nave just reported. 

Also, .-e -i;<e a plea here for more and better data on pcrcus nacerials particularly in tne 
yield stress r e g ' n e ^ r s cata is e-tre-rely scarce. 
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rur.csnc.tsl tner-ocvnsr.ic orat ions of state ce f i ' i t i ons , co'ucir.ed with tre "uconiot ;UTO 
conditions f i r tr.ance in interr.al energy, are usee to relate ".entrooic :u'.'< -oouius, K, to 
.-uconiot : J < 703uius '<:,. f i r s t , f ive ttienr.odyna.Tiic cefinit ions are stated. I , is matrix -nercy 
per unit sass. 

<H = -«7«jM , Hugonicpt bulk '.otiulus 

K = -ifl 

1) 
>v/V 

isentrcoic Qui* modulus 

Gruneisen yeiye 

, </P 

) & 

in 

(?) 

(3) 

(«) 

(S) 

.r.e tota» di f ferent ia! energy identity is , 

dl =/ i>\ dV * (>±\ dP 

Partial Differentiations of (18) along an isentrope yields 

a • si I lWii) fit] (7) 

Tne relation for change in rnergy along an isentrope is , 

(ft - "P (8] 

Edi t ing (2G1 and (21) and substituting definit ions (IS) through (13) yields a tr.smO'iynsmic 
'cer.t i ty. 

3 - L - 1 
G 

(9) 

"ne sine ^roc-jGure is now followed along the Hugoniot. 2artia3 differentiat"iOn of (19) aijng 'he 
- n o n a i yields, 

fill =fiii - M I im 
lw/H \ iv jp \:?jv UVJH 

The incrers-ie in internal energy across tne Huconiot sr.ocK l imi t is, 

I - ^ i v 0 - v ) 

^ 3 r r i d • aif fereiici at ion of (2*!) witn ressect to volume yieios 

& ) H 4 ( ^ ! V " > * V 
iouacing (23) and (25) and suostituting in definitions 16 throucn 29 yield, 

K = -GK„ l o -4-1 -f f " ' ' E 
1 (P *P 

(10) 

(u) 

( 1 2 ) 

(13) 

Since tensity is the reciprocal of specific volume, equation (12) can oe co-omoc with (26) leaGing 
to, 

(P * P 
(14) 
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D t S C U I M E R 

Thiii document was prepared ai an accuunt of work >ponM)red b\ an a^vncj of 

the L: iled Stales Government. Neither the Ini lvd Stairs Gu^rnnivnt nor ih? 

I n i u r s i t * of California nor any of their employes , makes an*, wjrranty. ex­

press or implied, or js^umes any legal !iabiiitj or rcspbn-^ibilitv for rhe ac­

curacy , compltrenett, ur us*rulness of a m information, sppurarus. prf-duct. or 

proa"* diilus.cd, or represents thai ils use *ouid not infringe prnaieU owned 

rights. Reference herein to an* vpevific cpmrnercrl products, process, or Venice 

b> trad* name, trademark, manufacturer, or mtu-r^ise, does nni rmf-var ih 

constitute or iinpN i's enilorstinetii. rmuMiiientfatiim. of fa'firiftj; h ih< I'nited 

flutes Cn*t-n nu-ni iir the t n i u r s i h of California. The *iiws and upininns of 

authors i c r e w d herein do not neces^'fls *tafe of reflrct iho*e of the I nired 

"Mates Cu'cmmenl (hereof, and shall nor he 'ased fur a d e e m i n g nf pruduct er». 

ifowmtnt purposes. 


